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INTRODUCTION 
Void shape in sintered materials is important because the 
shape affects both physical and plastic-deformation problems. 
For example, the mechanical stress distribution around a disc-
shape void differs drastically from that around a spherical 
void [1]. Thompson, Spitzig, and coworkers [2,3] made 
ultrasonic studies on compacted iron. Haynes [4] reviewed the 
general topic of mechanical properties of sintered materials. 
Because voids are small, three-dimensional, and 
essentially empty space between grains, their geometry 
determination presents formidable problems. 
Here, we take an indirect approach to void shape: measure 
longitudinal-wave and transverse-wave sound velocities, use a 
solid-mechanics model that predicts effective ("composite") 
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Figure 1. Optical microstructure of titanium specimen 
containing twelve-percent voids. 
sound velocities from matrix sound velocities and occlusion 
phase geometry, use model inversely to estimate void shape. 
MEASUREMENTS 
Specimens 
As a specimen material, we chose sintered titanium. 
Chemically pure titanium powder was prepared by a rotating-
anode method, sieved through -35 mesh to give an average 180-~m 
particle size, sealed in titanium canisters, and hot 
isostatically pressed to various mass densities, determined by 
pressure and temperature. Figure 1 shows a typical 
microstructure. 
Sound-velocity measurements 
On cylindrical specimens measuring typically 3-cm long and 
1-cm diameter, we measured longitudinal-wave and transverse-
wave sound velocities using a pUlse-echo-superposition method 
[5]. Figure 2 shows a typical oscilloscope display. 
Previous measurements on standard materials show that the 
velocity uncertainty is about 1:1000. We measured materials 
with four void volume fractions: 0, 0.117, 0.213, 0.259. We 
determined these void volume fractions by comparing Archimedes-
method mass density with that of pure titanium: 4.503 g/cm3 • 
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Figure 2. Oscilloscope display of pulse-echo pattern of 
titanium specimen containing twelve-percent voids. Transit 
time measured between leading cycles of adjacent echoes. 
MODELING 
Many models exist for predicting a composite's effective 
sound velocities and elastic constants from constituent 
properties and phase geometry [6]. 
For this study, we used the Mori-Tanaka effective-field 
approach [7-9] to obtain explicit analytical expressions for 
the porous-solid effective long-wavelength-limit longitudinal-
wave and shear-wave sound velocities. This approach offers the 
advantages of yielding, for nondilute concentrations, explicit 
analytical expressions, not simply bounds or estimates that 
require interactive calculations. The solid's effective 
elastic properties are estimated by assuming that a 
representative inclusion (void) feels the effect of the average 
matrix stress in the same way that an isolated inclusion feels 
an applied uniform stress. Thus, the inclusion feels an 
effective field. This contrasts strongly with other wide-use 
approaches such as self-consistent and differential methods 
that focus on the idea of an effective matrix [1]. Descriptions 
of effective-field methods occur in Kunin [10] and in Kreher 
and Pompe [11]. 
From the Mori-Tanaka model, we obtained explicit sound-
velocity expressions for several possible void shapes. For 
brevity, for five cases, we give only the final results: 
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Longitudinal and Transverse Velocities of Porous and 
Microcracked Solids 
Randomly Oriented Spheroidal Pores (a-~ct ratio) 
Vt [ I ]1/2 
Vto = I - c(l-h(vo,a» 
where 
I-vo 4(1+vo)+2a2(7-2vo) + [3(1-4vo)-12a2(2-vo)]g(a) f(v ,a) = 
o 6(1-2vo) 2a2+(1-4a2)g(a)+(a2-1)(1+vo)g(a)2 
4(1-vo)(a2-1) { 6 
h(vo,a) = 15 a2-4(I-vo)(a2-1)+[2(1-2vo)(a2-1)-3/2]g(a) -
6 
4a2+[(1-2vo)(a2-1)-3(a2+1)]g(a) 
- 2a2+[(1-4a2)]g(a):[(1+vo)(a2-1)]g(a)2} 
g(a) = a {a(a2-1)1I2 - cosh-Ia} for a > I (a2-1)3/2 
= 
a { cos-Ia _ a(l_a2)1I2 } 
(l_a2)3/2 for a < I 
2 
= 3" for a= I 
Spherical Pores (a-I) 
~_ [ 2(1-2vo) [(7-5vo) + 5c(l+vo)] ]112 
Vlo - [(7-5vo) + 2c(4-5vo)] [2(1-2vo) + c(1+vo)] 
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where 
v 1 = longitudinal velocity of the porous solid 
V t shear velocity of the porous solid 
Vic = longitudinal velocity of the bulk solid 
v tc = longitudinal velocity of the bulk solid 
Vc = Poisson ratio of the bulk solid 
a pore aspect ratio 
c pore concentration 
~ = 3c/{4na) = crack density parameter. 
MEASUREMENT - MODELING COMPARISONS 
Figures 3 and 4 show the measured and calculated 
longitudinal and transverse sound velocities as affected by 
void concentration. The four symbols represent our 
measurements. The three curves represent Mori-Tanaka model 
calculations for three aspect ratios: 0 = 1.0, 0.1, 0.05, that 
is, spheres to strongly oblate discs. 
The most obvious conclusion from Figs. 3 and 4 is that 
void aspect ratio changes strongly as void number density 
increases. The microstructural evidence supports this 
conclusion. At low concentrations, and for spherical close 
packing, the voids are tetrahedra with concave surfaces. At 
first, such tetrahedra show little resemblance to spheres. 
However, such tetrahedra share with spheres an important 
feature: an effective aspect ratio near unity. Thus, we 
imagine that waves would scatter from tetrahedra in a way 
similar to their scattering from spheres. 
At higher void concentrations, microstructure reveals that 
the small tetrahedral voids aggregate into clusters that depart 
strongly from sphericity. From the figures, we see that at 
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Figure 3. Longitudinal sound velocity versus void volume 
fraction. Points represent measurements. Curves represent 
calculations for various aspect ratios a, from spheres to flat 
discs. 
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Figure 4. Transverse sound velocity, companion to Figure 3. 
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about 25% voids, the void aggregates behave like fairly flat 
oblate discs. We do not suggest that the aggregates look like 
flat discs, but that they, for example, scatter waves in a way 
similar to waves scattered by flat discs. 
CONCLUSIONS 
This study led to four principal conclusions: 
1. In the studied sintered titanium, void shape changes as 
void concentration increases, from effectively spherical 
in the dilute limit to effectively flat-oblate-spheroidal 
at high concentrations. 
2. Either longitudinal-wave velocity or transverse-wave 
velocity serves as an effective index of void shape. 
Thus, any of the usual elastic constants, say Young 
modulus or shear modulus, could also serve as an index. 
3. In studying the properties of two-phase materials, both 
good measurements and good modeling are vital components 
for understanding quantitatively the property-structure 
relationships. 
4. From the Mori-Tanaka effective-field model, we derived 
relatively simple closed-form expressions for effects of 
voids with various shapes: spheroidal, spherical, needle, 
thin disc, penny. 
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